ABSTRACT. Habitat area requirements of forest songbirds vary greatly among species, but the causes of this variation are not well understood. Large area requirements could result from advantages for certain species when settling their territories near those of conspecifics. This phenomenon would result in spatial aggregations much larger than single territories. Species that aggregate their territories could show reduced population viability in highly fragmented forests, since remnant patches may remain unoccupied if they are too small to accommodate several territories. The objectives of this study were twofold: (1) to seek evidence of territory clusters of forest birds at various spatial scales, lags of 250-550 m, before and after controlling for habitat spatial patterns; and (2) to measure the relationship between spatial autocorrelation and apparent landscape sensitivity for these species. In analyses that ignored spatial variation of vegetation within remnant forest patches, nine of the 17 species studied significantly aggregated their territories within patches. After controlling for forest vegetation, the locations of eight out of 17 species remained significantly clustered. The aggregative pattern that we observed may, thus, be indicative of a widespread phenomenon in songbird populations. Furthermore, there was a tendency for species associated with higher forest cover to be more spatially aggregated [ERRATUM].
INTRODUCTION
Forest songbird distribution is usually considered to depend on forest structure and composition at different spatial scales (McGarigal and McComb 1995 , Hagan et al. 1997 , Schmiegelow et al. 1997 , Penhollow and Stauffer 2000 . However, several factors could have an additional effect on avian distribution. For example, noncolonial species will sometimes settle their territories preferentially near conspecifics (Alatalo et al. 1982 , Smith and Peacock 1990 , Reed and Dobson 1993 , Lima and Zollner 1996 , Muller et al. 1997 ). This behavior may confer advantages in predator detection (Kenward 1978 , Bildstein 1983 , Stephens and Sutherland 1999 , Perry and Andersen 2003 and greater opportunities in extra-pair mating (Wagner 1997 , Norris and Stutchbury 2001 , Mennill et al. 2004 , Tarof et al. 2005 . Alternatively, individuals may use the presence or reproductive performance of conspecifics to assess habitat quality when selecting a territory (Kiester and Slatkin 1974 , Smith and Peacock 1990 , Reed and Dobson 1993 , Stamps 1987 , 1988 , Doligez et al. 2004a , Doligez et al. 2004b , Ward and Schlossberg 2004 .
Loose aggregates of individual territories could be created within contiguous forests in species that prefer to settle near conspecifics. However, the generality of this phenomenon has yet to be demonstrated in forest birds. Indeed, most of the research on territorial aggregations has been conducted on a few well-studied species that tend to occur in high-density populations (e.g. Collared Flycatchers [Ficedula albicollis] Doligez et al. 1999 , Pärt and Doligez 2003 , Doligez et al. 2004a . In this paper, we examined how widespread territorial aggregations are by studying 17 forest bird species at various spatial scales, i.e., lags of 250-550 m. A general absence of aggregative behavior would suggest that clustering is a limited phenomenon in forest bird species. When found, territorial aggregations may simply be indicative of aggregations in habitat variables or other features. Thus, we also measured the contribution of vegetation structure on avian aggregative behavior.
Relatively few studies have incorporated spatial structure when studying the distribution of forest birds (Brown et al. 1995 , Drolet et al. 1999 , Koenig 1998 , Lichstein et al. 2002a . Most of these studies aimed to measure how species respond to their habitat by removing spatial components in habitat variables (Keitt et al. 2002 , Dale and Fortin 2002 , Lichstein et al. 2002a . After addressing the issue of spatial autocorrelation in environmental variables, some studies still detect spatial aggregations in species distribution (Drolet et al. 1999 , Lichstein et al. 2002a . When detected, such spatial aggregations are often treated as a statistical problem but can also be interesting in themselves (e.g., Dale and Fortin 2002) . For example, spatial patterns at fine scales may be indicative of behavioral processes such as settlement preferences (Legendre 1993). As such, spatial aggregations of birds at fine scales deserve to be investigated as a potentially important biological phenomenon.
There could be important implications for conservation biology if a large number of forest bird species aggregate their territories independently of habitat features. Theoretically, species that aggregate their territories could show reduced population viability in highly fragmented landscapes, since remnant forest patches may remain unoccupied if they are too small to accommodate several territories (Smith and Peacock 1990 , Ray et al. 1991 , Lima and Zollner 1996 . Thus, even though sizeable forest fragments may remain in a landscape, species that tend to aggregate may experience a greater loss of habitat than species with no tendency to aggregate. Moreover, after a local extinction, lack of conspecifics could impede recolonization of empty but otherwise suitable forest fragments if they remain unnoticed by settling individuals (Smith and Peacock 1990 , Ray et al. 1991 , Lima and Zollner 1996 , Ward and Schlossberg 2004 . These additive effects could result in the observed sensitivity to fragmentation reported for several species in the last 15 yr (review in Villard et al. 1999) . Thus, knowing which species tend to aggregate could help identify species likely to be negatively affected by forest fragmentation. Species at risk could therefore be identified more readily (Fahrig and Merriam 1994, Wiens 1994 ).
Here, we report on the degree of aggregation of 17 forest bird species at various spatial scales, i.e., lags of 250-550 m, before and after controlling for the effects of vegetation structure. We also test whether spatially aggregated species respond more negatively to the amount of forest in the landscape. We addressed the latter prediction with species occurrence data obtained from the same study area.
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METHODS

Study area
The study was conducted in 2000 and 2001 within 30 km of Quebec City (46°45' N, 71°20' W), Province of Québec, Canada. The study area encompassed approximately 1200 km 2 of agricultural landscape. We selected eight 2 x 2 km plots located at least 2.5 km apart. We randomly selected four of these plots to be censused in 2000 and the remaining plots to be censused in 2001 (Fig.  1) . Mature forest cover varied from 20.5% to 52.7% in each plot and the remaining land area consisted mainly of agricultural fields, roads, pastures, and houses. The dominant deciduous tree species were Red Maple (Acer rubrum), Sugar Maple (Acer saccharum), and Yellow Birch (Betula alleghaniensis), whereas Balsam Fir (Abies balsamea) and Red Spruce (Picea rubra) were the most dominant conifers.
Avian surveys
Within each plot, parallel transect lines were placed systematically on a north-south axis every 200 m. From 1 June to the first wk of July 2000 and 2001, each selected plot was surveyed once. Surveys took place in forested stands between 0500 and 1000 EST on days without wind or rain. During a typical survey, an observer walked along each transect line of a given plot. We estimated the horizontal distance from the observer to every forest bird that was seen or heard within 100 m of the transects (following Bibby et al. 1992) . We noted all counter-singing males in order to minimize the possibility of surveying the same individual twice. Prior to collecting data, all observers were trained in estimating the position of singing birds with a laser range-finder. A laser range-finder was used also in the field to estimate the position of songposts located >50 m from transect lines.
Sampling stations were established systematically every 200 m along the transect lines for a total of 100 stations/plot. We kept only the sampling stations that were located within forested stands. Forested stands were defined as having ≥three trees within a 10 m radius. As a result, stations closer than 10 m from the edge of a wooded area were generally considered to be located in a forested stand. Among the eight plots, the number of stations within forested stands varied from 21 to 52 with a mean of 34 stations. After the surveys, each bird detection was assigned to the nearest sampling station. Thus, at each sampling station, we had information on the occurrence of each species.
Measuring spatial autocorrelation of bird occurrence
Only presence-absence data were used. We used Moran's I coefficient (Legendre and Fortin 1989) to quantify the spatial autocorrelation for each species. Moran's I varies between -1 and 1. For presence/absence data, negative values indicate distribution in regular arrays, e.g. caused by territorial spacing, whereas positive values indicate distribution in clusters, e.g. caused by conspecific attraction. For each species, we used the PASSAGE software (Rosenberg 2001 ) to analyze spatial autocorrelation using all sampling stations, i.e., within all woodland. We calculated spatial autocorrelation after accounting for the patchy nature of the forest. Thus, if a given species had been present at all stations, spatial autocorrelation would have been nonexistent, even though stations are clustered within forest patches. The degree of spatial autocorrelation of occurrence was measured at four spatial scales, i.e., lag distance: 250 m, 350 m, 450 m, and 550 m. The first lag distance interval (250 m) in the correlograms included all pairs of points separated by ≤250 m. Subsequent intervals contained all possible pairs of points separated by their respective lag distance. Intervals contained between 172 and 1055 pairs of points. Most songbird species defend territories ≤1 ha (Ehrlich et al. 1988) . Furthermore, recent studies on the Least Flycatcher (Empidonax minimus) suggest that clusters may contain up to 30 individual territories (7.4 ± 1.4 territories, Tarof and Ratcliffe 2004) . Thus, we assumed (1) that clusters of presence would occur at the chosen spatial scales, and (2) that our largest scale (550 m) would be sufficient to contain the largest aggregation for the species tested. For each species, four spatial autocorrelations were calculated, one for each lag distance. Therefore, significance of I was calculated with the progressive Bonferroni corrected α of 0.05/4 = 0.0125 (Legendre and Legendre 1998).
Fig. 1.
Layout of 102 point count stations and eight plots over a classified satellite image. Sites are located within 50 km of Quebec City (46°45' N, 71°20' W), Québec, Canada. Mature forest is represented by the grey areas, whereas the white areas represent all other types of habitat, e.g., agricultural fields, roads, human settlements, bodies of water.
Accounting for local habitat variables
Between 31 May and 2 July 2000 and 2001, we delimited a 10-m radius circle around each sampling station. Within each circle, we recorded the occurrence of snags and sampled three vegetation strata: canopy (>7 m), subcanopy (2-7 m), shrubs (0.5-2 m), and ground (<0.5 m). Within each circle and for each stratum, we visually estimated the percent cover and height of each of the three most common species. Each station thus had a different set of species for each strata. These variables were chosen because we considered them to reflect structural differences among stations and to be important for forest songbird habitat. In previous studies, these variables have also been shown to accurately predict the occurrence of 162 bird species in Québec forests, i.e., between 83 and 93% of properly classified cases (DesGranges et al. 2001) . We used principal component analysis to reduce the number of variables describing local habitat features with the SAS program, version 8 (SAS Institute Inc. Fig. 1 ). The point count stations were located outside of the eight plots mentioned above but in the same study area. The point count stations were spaced at least 250 m apart and were located >50 m from an edge. At each point count station, we recorded all individuals seen or heard within a 100 m radius. Each survey lasted 10 min and was conducted between 30 m before sunrise and 1000 EST, on mornings when weather was favorable. Additional details on bird point counts can be found in Bourque (2005).
LANDSAT-TM satellite images of the study area taken in 1993-1994 were classified into forest and non-forest habitats (Bélanger and Grenier 1998). We imported the satellite images into the ArcView 3.2 Geographic Information System (ESRI 1996). We used the Patch Analyst extension (Rempel 2000) to quantify landscape composition within circles centered on each point count station. Within each 500-m radius circle, we measured percent forest cover. Patch area or isolation was not used since forested areas were connected at the spatial scales we considered.
For each point count station, a species was considered present when it was detected in at least Avian Conservation and Ecology -Écologie et conservation des oiseaux 1(2): 3 http://www.ace-eco.org/vol1/iss2/art3/ one of the two visits. For a given species, we measured the percent forest cover around the stations where this species occurred. The mean of this measure was used as an index of sensitivity to forest cover.
Association between spatial autocorrelation and landscape use
For 17 forest songbird species, we measured the degree of spatial autocorrelation of occurrence data at four spatial scales after removing unwanted effects of vegetation. For each species, the mean value of Moran's I was used as an index of spatial aggregation. Again for each species, sensitivity to forest cover was calculated by averaging the percent forest cover around each station where the species occurred. We predicted that species more sensitive to forest cover would also be more likely to be spatially autocorrelated. We used two types of analyses: correlations and the comparative phylogenetic analysis (Sanford et al. 2002) . The latter analysis is performed when comparing closely related species, since they may share traits or adaptations through common ancestry. This situation creates a problem of dependence among species when using traditional correlation or regression analyses (Felseinstein 1985) . However, the results were similar independent of the method that was used. We thus report hereafter only the results calculated with the correlations.
RESULTS
In analyses that ignored spatial components in habitat variables, nine out of 17 species significantly aggregated their territories in at least one spatial scale (Table 1) . Additionally, the Black-capped Chickadee (Poecile atricapillus) showed negative autocorrelation, i.e., singing males tended to be located more evenly than by chance within woodland. Eight species aggregated their territories at all spatial scales (Table 1) , whereas the location of an additional species was spatially aggregated in at least one spatial scale (Table 1) . Spatial autocorrelations of vegetation attributes showed significant results only for the first component at 250 m (Table 2) . Snags were present at 70% of sampling stations and were aggregated at all spatial scales measured (P <0.01).
Using residuals from general linear models did not alter results greatly (Table 3) . Eight out of 17 species showed significant spatial aggregation in their occurrence data in at least one spatial scale (Table  3) . After accounting for vegetation heterogeneity, there was no residual spatial aggregation of Yellowbellied Sapsuckers (Sphyrapicus varius). Prior to removing the effects of local habitat variables, the Blackburnian Warbler (Dendroica fusca) and the Ovenbird (Seiurus aurocapilla) aggregated their territories at all spatial scales considered. After controlling for local habitat, these two species were spatially aggregated only at 450 m and 550 m.
The Winter Wren (Troglodytes troglodytes) and the Nashville Warbler (Vermivora ruficapilla) were the species most associated with forest cover (Table 4) . The Chestnut-sided Warbler (Dendroica pensylvanica) and the American Redstart (Setophaga ruticilla) were the species least likely to occur in forested areas (Table 4) . After controlling for local habitat, the relationship between spatial autocorrelation and landscape use was nearly significant (Pearson correlation coefficient = 0.47, P = 0.06; Fig. 2 ).
DISCUSSION
Our primary goal was to document spatial autocorrelation at small spatial scales for the greatest number of forest bird species. Nine species considered showed significant spatial aggregation on at least one spatial scale. Earlier studies have speculated that aggregative behavior may reflect autocorrelated habitat variables (Brown et al. 1995) . We cannot rule out that the spatial aggregations of this study may reflect patterns of autocorrelations in local habitat variables that were not detected by our vegetation surveys. However, our results show that the observed aggregative patterns are likely a widespread occurrence in songbird populations, irrespective of the mechanisms behind this phenomenon. Also, we believe that our vegetation surveys accurately portrayed the habitat of our target species. Indeed, in a previous study (DesGranges et al. 2001) , the habitat variables that we used accurately predicted avian assemblages in Québec forested ecosystems.
Of the 17 species studied, nine showed significant autocorrelations of their territories. Except for the Black-capped Chickadee, all autocorrelations were positive, a striking result in itself, given that territorial spacing is normally expected to yield regular arrays of singing males. In the case of the Black-capped Chickadee, territorial spacing likely occurs at a scale comparable to distance lags used. Indeed, chickadee territory size can reach 5 ha, whereas the territory size of the other species studied is generally ≤1 ha (Gauthier and Aubry 1996).
Other recent studies (Drolet et al. 1999 , Lichstein et al. 2002a have detected spatial aggregations in species occurrence and abundance even after controlling for the spatial pattern of habitat variables. For example, Lichstein et al. (2002b) found that the abundance of Black-throated Blue Warblers (Dendroica caerulescens) was significantly autocorrelated at 500-1000 m, i.e., lags of 150 m. In the same study, the abundance of the Chestnutsided Warbler was not spatially autocorrelated at spatial scales ranging from 250-1000 m, whereas we found that Chestnut-sided Warbler males aggregated their territories. In another study, the abundances of the Eastern Wood-Pewee (Contopus virens) and of the Veery (Catharus fuscescens) were significantly autocorrelated within 1000 m (Lichstein 2002a) . Furthermore, Drolet et al. (1999) found that the distribution of the Magnolia Warbler (Dendroica magnolia) was significantly autocorrelated within 1250 m. Most results from these other studies differ somewhat from ours. This may stem partly from differences in statistical analyses. There may also be geographic variation in the degree of spatial clustering of territories. Differences may also stem from the fact that we measured the clustering of occurrence data, whereas these other studies measured the clustering of abundance of their target species.
Species showed different levels of spatial autocorrelation before and after we controlled for habitat variables. For example, the occurrence of the Yellow-bellied Sapsucker was spatially autocorrelated at all spatial scales before controlling for habitat. However no spatial autocorrelation was found after controlling for the habitat of the Yellowbellied Sapsucker. This suggests that the Yellowbellied Sapsucker's distribution reflects local habitat variables, which may be spatially aggregated. Indeed, the aggregative pattern of the Yellow-bellied Sapsucker paralleled the pattern of snag clusters. After controlling for habitat variables, eight of the species that we studied showed no spatial autocorrelation: the Yellow-bellied Sapsucker, the Eastern Wood-Pewee, the Winter Wren, the Veery, the American Robin (Turdus migratorius), the Black-throated Blue Warbler, the Black-throated Green Warbler (Dendroica virens), and the Blackand-white Warbler (Mniotilta varia). The American Robin stands out among the species considered because it defends small territories, i.e., 0.1-0.3 ha (Young 1951 , Eiserer 1976 . The Yellow-bellied Sapsucker seemed to be associated with the aggregative patterns of snags, supporting findings from other studies (Kilham 1964 , Tate 1973 , Eberhardt 2000 . The Winter Wren, the Veery, the Black-throated Blue Warbler, the Black-throated Green Warbler, and the Black-and-white Warbler are generally considered to be strongly associated with habitat features within their territories (Bertin 1977 , Paszkowski 1984 , Robbins et al. 1989 , Holway 1991 , Steele 1992 , 1993 , Kricher 1995 , Robichaud and Villard 1999 , Hejl et al. 2002 . Such associations may have driven the occupancy pattern of these species. One other species, the Eastern Wood-Pewee is generally considered to be 'nearly ubiquitous' (McCarthy 1996) at both the local and landscape scale.
To our knowledge, our study is the first attempt to link spatial autocorrelation and landscape occupancy patterns. We found a strong tendency for species associated with forest cover to be spatially autocorrelated. However, one species, the Nashville Warbler may have had a disproportionate effect on the observed relationship. Adding more species would probably strengthen the relationship. In our study area, however, all available species were included in our analyses. Nevertheless, the results of our spatial autocorrelations may be relevant for the management of several of these species in fragmented landscapes. aggregated their territories at all spatial scales. This concurs with previous research that has found a negative impact of a decrease in forest cover on the distribution or fecundity of some of these species (Villard et al. 1993 , Donovan et al. 1995 , Robinson et al. 1995 , Bayne and Hobson 2001 . For example, Ovenbirds are often associated to forest patches usually much larger than their territory (Van Horn and Donovan 1994 , Ortega and Capen 1999 , Porneluzi and Faaborg 1999 , Bayne and Hobson 2002 and this could result from the need to aggregate (Lichstein et al. 2002a,b) . Our results thus suggest that, in order to support 
